Lightning is a transient, high-current discharge occurring within a thundercloud, between clouds, or between a cloud and the ground. Cloud-to-ground (CG) lightning is the most studied because of its impact on human life. The aim of this study is to elucidate the effects of lightning in Earth materials by simulating the lightning current discharges in a laboratory setting. Technical applications of this work include the study or development of customized materials used to prevent accidents, limit damage, or reduce interruptions in electrical power system owing to lightning strikes, such as lightning arresters or high-voltage fuses. High-voltage electrical arcs were discharged through rock specimens, and power, energy, and duration of discharge were estimated to provide a better understanding of the origin of naturally occurring fulgurites (shock-impact glasses) and the lightning/rock interaction. X-ray powder diffraction showed that the samples used for the experiment represent basalt (samples A0, A1-A4) and granite (samples B1, B2). Optical microscopy provides direct evidence that materials can be physically altered due to the heat generated by an arcing event. Optical microscopy observations showed that arcs passed through the target rocks and mimicked the effect of lightning strikes hitting the surface of the rock, melting the target rock, and passing to ground. Fulgurite glass observed on basalt samples shows the impact origin lining the surface of millimeter-size craters and a slash-like coating, whereas in the granite sample, the fulgurite was not observed because the arc passed directly to the laboratory ground. Significant differences in the duration of the experimental electrical arcs that passed through dry and wet samples (A1 and A3; A2 and A4, respectively) were observed. This discrepancy can be ascribed to the variation of the electrical properties related to the distribution of the water layer on the rock sample and to the occurrence of magnetite grains, which may increase the local conductivity of the sample owing to its electromagnetic properties.
Introduction
Lightning is a transient, high-current discharge whose path is measured in kilometers [1] . Lightning is one of nature's most spectacular sights, but unexpected and menacing at the same time. It can be extremely dangerous, presenting a major natural hazard in many different environments, from power utility companies to civil aviation, and more [2] . In recent years, with great interest in renewable energy, wind turbines have become extremely vulnerable to lightning damage [3] . isothermal mode (25 • C) at the Department of Earth and Environmental Science of University of Pennsylvania. Data on all rock samples were collected with scan range between 5-70 • 2θ, step size 0.02 • , divergence slit of 0.125 • , and anti-scatter slits of 0.5 • . The fitted peak width for collected data was about 0.01 • 2θ. A Co anode was chosen to avoid fluorescence encountered with Fe-bearing minerals and Cu radiation. The incident beam optical module PANalytical Bragg-BrentanoHD was used to improve peak/background ratio and increase intensity in spectral peaks. Quantitative mineralogical analyses and determination of the content of amorphous material with the external-standard method (the K-factor method after O'Connor and Raven [19] ) were performed using PANalytical's HighScore Plus version 4.6 software [20] . Pure crystalline Al 2 O 3 (NIST SRM 676a) was chosen as an external standard and was analyzed under the same instrumental conditions as the samples.
Experimental Hardware Setup
The experimental simulation of the lightning current discharges was conducted in the High Voltage Laboratory at Drexel University's Center for Electric Power Engineering (CEPE). The controlled experimental environment described here allowed for non-destructive, repeatable testing. Data were collected using typical electronic lab equipment.
A high voltage alternating current (AC) power source was connected across a set of electrodes aligned on either side of the target rock specimen. Target rock specimens were placed on a conductive brass base below a tungsten welding tip ( Figure 1 ).
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Due to equipment limitations, some current measurements were clipped. Cubic spline interpolation was used to reconstruct the clipped portion of these signals ( Figure 3) . From the voltage and current waveforms, power and energy estimates were performed as follows: 
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Due to equipment limitations, some current measurements were clipped. Cubic spline interpolation was used to reconstruct the clipped portion of these signals ( Figure 3) . From the voltage and current waveforms, power and energy estimates were performed as follows: Figure 3 . Example voltage and current waveforms for dry and let experiments: (a) data from sample A1 (dry), and (b) data from sample A3 (wet). The peaks of the current waveforms were reconstructed using cubic spline interpolation.
From the voltage and current waveforms, power and energy estimates were performed as follows:
(1)
where
, and i R [k] are the power, voltage, and current at the rock specimen on sample k, k 0 is the estimated sample on which the strike occurs, T s = f −1 s is the sampling period, and e[n] is the total energy of the fault up to sample n.
To compute the total energy dissipation for a given arc discharge event, it was necessary to use the data to estimate the instants of fault onset and of fault extinction. Fault onset occurs when the magnitude of the voltage across the electrodes is large enough for an electrical discharge to occur through a path connecting the electrodes. The physical discharge path is three-dimensional and random (i.e., current may not flow in a straight line connecting the electrodes). Fault extinction occurs when the circuit breaker opens. The procedures for estimating fault onset and extinction times from the recorded current and voltage waveforms are explained next.
Fault Onset
When flashover occurs, there is a near-instantaneous change from an open circuit condition to a short-circuit condition. In terms of the measured quantities, this is when the voltage drops to zero. A discrete wavelet transformation was leveraged to find events of this type within the discretely sampled voltage waveforms. Wavelet decomposition is a signal analysis tool that can be used to localize events/disturbances in a signal in both time and frequency [21] . The Daubechies family of wavelets in particular [22] is commonly used in the analysis of electric power system disturbances (e.g., References [23] [24] [25] ). Here, the Daubechies-4 (db-4) wavelet was used to detect fault onset.
Wavelet decomposition produces coefficients representing the strength of different frequency bands at different points in time within the signal. An arc discharge is a near-instantaneous event, thus the highest frequency components of the signal were of interest. Within each time-domain voltage signal, the data sample with the greatest high-frequency component (i.e., the sample associated with the largest first-level wavelet detail coefficients) was considered the sample of fault onset. This was verified by inspecting the portion of the voltage waveform around this sample to ensure that a short-circuit condition actually occurred at this time, and that the first-level detail coefficient strength could not be attributed to noise or truncation error.
Fault Extinction
Fault extinction occurs when the circuit breakers open and replace a short-circuit condition (large current) with an open-circuit condition (zero current). Once the breakers open, the voltage across the electrodes remains at zero. Therefore, the fault extinction event must be detected within the current waveforms.
Compared to the voltage waveforms, the current waveforms had a lower relative resolution and signal-to-noise ratio. As a result, the wavelet decomposition technique discussed above was less effective and more prone to error, thus an alternative method was used to detect fault extinction. A post-fault, open-circuit condition was considered to exist when the measured current amplitudes became indistinguishable from noise. For an event with an estimated fault onset sample k 0 , the procedure for identifying fault extinction was as follows:
i.
Characterize the pre-fault (open-circuit) noise level in the current measurement using the standard deviation (assume noise is Gaussian with mean µ estimated from the data):
ii.
Find the post-onset sample for which all later data samples could be considered noise:
With a 6σ threshold and the assumption of Gaussian noise, less than two in one-million samples of noise in the current channel will fall outside of the threshold, on average. This threshold was selected through trial-and-error. Manual inspection of the waveforms showed that smaller thresholds resulted in the inclusion of a significant number of post-extinction samples. Theoretically, smaller thresholds yield higher false alarm probability, which is problematic because of the high sampling rate (250 kHz).
Results

Mineralogy of Target Rocks
Prior to the experiment, the testing sample A0, samples A1-A4, and samples B1-B2 were observed using optical microscopy. Samples A0-A4 showed a dark-colored, fine-grained texture, while samples B1 and B2 showed light-colored, coarse-grained texture.
X-ray powder diffraction (XRPD) was used to identify the mineralogical composition of the rock samples. Testing sample A0 was composed mainly of pyroxene, plagioclase, and magnetite, whereas the main constituents of samples A1-A4 were pyroxene, plagioclase, magnetite, and quartz ( Figure 4 ).
Appl. Sci. 2018, 8, x FOR PEER REVIEW 6 of 13
Results
Mineralogy of Target Rocks
X-ray powder diffraction (XRPD) was used to identify the mineralogical composition of the rock samples. Testing sample A0 was composed mainly of pyroxene, plagioclase, and magnetite, whereas the main constituents of samples A1-A4 were pyroxene, plagioclase, magnetite, and quartz ( Figure  4 ). . X-ray diffraction pattern of samples A1-A4. Px = pyroxene; Plg = plagioclase; Qtz = quartz; Mag = magnetite; Bio = biotite; Act = actinolite. Observed spectra (red line), fitted spectra (blue solid line), difference plot (below spectra), and Bragg peak positions (tick marks above difference plot) are shown. The weighted R-factor, Rwp, was calculated using the observed and calculated intensities in the powder diffraction patterns.
Accessory and alteration minerals include micas, talc, and amphiboles in sample A0; and micas and amphiboles in samples A1-A4. The XRPD data on samples B1 and B2 revealed the presence of quartz, plagioclase, K-feldspar, and micas ( Figure 5 ).
According to the XRPD results and optical microscopy observations, the testing sample A0 and samples A1-A4 represent a basalt rock type, whereas the samples B1 and B2 represent a granite rock type. All samples used for the experiments were homogeneous and isotropic. Quantitative mineralogical analyses and determination of the content of amorphous material were performed on the test sample A0, samples A1-A4, and samples B1 and B2. Results are shown in Table 1 . . X-ray diffraction pattern of samples A1-A4. Px = pyroxene; Plg = plagioclase; Qtz = quartz; Mag = magnetite; Bio = biotite; Act = actinolite. Observed spectra (red line), fitted spectra (blue solid line), difference plot (below spectra), and Bragg peak positions (tick marks above difference plot) are shown. The weighted R-factor, Rwp, was calculated using the observed and calculated intensities in the powder diffraction patterns.
According to the XRPD results and optical microscopy observations, the testing sample A0 and samples A1-A4 represent a basalt rock type, whereas the samples B1 and B2 represent a granite rock type. All samples used for the experiments were homogeneous and isotropic. Quantitative mineralogical analyses and determination of the content of amorphous material were performed on the test sample A0, samples A1-A4, and samples B1 and B2. Results are shown in Table 1 Figure 5. X-ray diffraction pattern of the samples B1-B2. Qtz = quartz; Plg = plagioclase; Ksp = Kfeldspar; Bio = biotite. Observed spectra (red line), fitted spectra (blue solid line), difference plot (below spectra), and Bragg peak positions (tick marks above difference plot) are shown. The weighted R-factor, Rwp, was calculated using the observed and calculated intensities in the powder diffraction patterns. Pasek and Hurst [16] determined the energy at one bar of pressure required to promote the melting of quartz to form sand fulgurite. Following Pasek and Hurst [16] , considering the density of basalt is 3 g/cm 3 [26] , the enthalpy of basalt at 1 bar is 9.145 J/mol [27] , the molecular weight of basalt is 125 g/mol [28] , and the internal diameter of fulgurite observed via optical microscopy is 0.08 cm (this work), the energy per unit length (E) required to vaporize basalt to make the fulgurite glass is 17.2383 J/cm 3 .
Arc Discharge Experiment Results
A photo camera provided approximately the instant (static) tridimensional spatial image of the spark discharge on the target material ( Figure 6 ). Strikes were verified by macroscopically observing the surface of the samples after each lightning strike and labeling the arc entrance and exit location on the surface of samples. Pasek and Hurst [16] determined the energy at one bar of pressure required to promote the melting of quartz to form sand fulgurite. Following Pasek and Hurst [16] , considering the density of basalt is 3 g/cm 3 [26] , the enthalpy of basalt at 1 bar is 9.145 J/mol [27] , the molecular weight of basalt is 125 g/mol [28] , and the internal diameter of fulgurite observed via optical microscopy is 0.08 cm (this work), the energy per unit length (E) required to vaporize basalt to make the fulgurite glass is 17.2383 J/cm 3 .
A photo camera provided approximately the instant (static) tridimensional spatial image of the spark discharge on the target material ( Figure 6 ). Strikes were verified by macroscopically observing the surface of the samples after each lightning strike and labeling the arc entrance and exit location on the surface of samples. Table 2 describes the specimens and the experimental electrical data obtained after each arc flash event. RMS voltage and current data, fault durations, peak and average power, and total energy dissipation data was recorded and calculated as described in the Materials and Methods section. Table 2 . Summary of the electrical data for each strike on sample A. Legend: TF = fault duration; VR = root mean square (RMS) voltage during the fault; IR = RMS current during the fault; P = mean fault power; = peak instantaneous power; E= total fault energy. Table 2 describes the specimens and the experimental electrical data obtained after each arc flash event. RMS voltage and current data, fault durations, peak and average power, and total energy dissipation data was recorded and calculated as described in the Materials and Methods section. Table 2 . Summary of the electrical data for each strike on sample A. Legend: T F = fault duration; V R = root mean square (RMS) voltage during the fault; I R = RMS current during the fault; P = mean fault power;p = peak instantaneous power; E= total fault energy. 
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Average
Specimen Strike Number T F (ms) V R (kV) I R (A) P (kW)p (kW) E (kJ)
Discussion
Lightning Simulation
The initiation and growth of a conductive plasma channel (lightning leader) between a cloud and the ground (rock surface) represents the first step to form fulgurite. The leader arises in a region where the electric field is strong enough to ionize the air by electron impact. The air ionization length does not exceed several hundreds of volts per centimeter, which means that there is an intensive ionization occurring in its tip region, changing the neutral air to a highly conductive plasma [29] . This becomes possible because the lightning spark carries its own strong electric field induced by the space charge concentrated at the lightning tip and transported with it. In our experiment, the leader electric field is that of a tungsten needle (approximate diameter = 1 mm) connected with a wire to the secondary terminal of a 440/150,000 V transformer. The strong field region, in which the air molecules become ionized, will move down together with the arc flash.
Along the path from the needle to the rock surface, the lightning leader tip carries a high potential comparable with that of the needle at the spark start, the potential difference being equal to the voltage drop in the leader channel. A short circuit condition occurs when the spark goes to laboratory ground, resulting in large currents that heat the material surrounding the leader channel resulting in the formation of fulgurite glass. The current magnitude depends on the potential at the needle and the composition of the leader channel (i.e., the composition of the air and/or rock within the channel).
Fulgurite Glass Formation
For the first law of thermodynamics for closed systems, energy transferred across the boundary of a system in the form of heat always results from a difference in temperature between the system and its immediate surroundings and a change of internal energy of the system. Due to the mechanical imbalance between the high-temperature air around the lightning channel and the air surrounding the rock, the former expands, vaporizing the rock at its contact and producing a crater on the rock surface. These effects were observed via optical microscopy on testing sample A0 ( Figure 7 ) and basalt samples A1-A4, which show millimeter-size craters surrounded by glass (Figures 8-10 ).
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For the first law of thermodynamics for closed systems, energy transferred across the boundary of a system in the form of heat always results from a difference in temperature between the system and its immediate surroundings and a change of internal energy of the system. Due to the mechanical imbalance between the high-temperature air around the lightning channel and the air surrounding the rock, the former expands, vaporizing the rock at its contact and producing a crater on the rock surface. These effects were observed via optical microscopy on testing sample A0 ( Figure 7 ) and basalt samples A1-A4, which show millimeter-size craters surrounded by glass (Figures 8-10 ). An orange-brown spray rim was observed via optical microscopy around the crater of dry sample A2 ( Figure 9 ) and it could be ascribed to the thermal decomposition of magnetite according to XRPD patterns on samples A1-A4. Octahedral sites in the magnetite atomic structure contain ferrous and ferric iron species. Different Tf and total fault energy values observed on sample A2 and A4 after multiple strikes (Table 2 ) could be related in part to the magnetite grains, which may increase the local conductivity of the sample owing to its electromagnetic properties. The electrons coordinated with iron species are thermally delocalized and migrate within the magnetite atomic structure [30] .
The electrical conductivity of a rock at room temperature is determined by the amount of water present, the salinity of the water, and the manner in which the water is distributed through the rock [31, 32] . Therefore, the faster process involving the electric impulse discharge and the total fault energy (E) values observed on wet sample A3 and A4 (Table 2 ) could be ascribed to the variation of the electrical properties for water-bearing rock and the distribution of the water layer on the rock sample.
The chemical interactions between the water and rock material at the pore surface can also be significant in the bubble formation [18, 33] . Optical microscopy of the wet samples (A3, A4) showed the presence of bubbles in fulgurite glass (diameter of bubbles < 1 μm, Figure 10 ). These bubbles can be generated from the vaporization of water and incorporation of air during the fast cooling of melted rock on the wet sample surface. Elmi et al. [18] observed a diffuse porosity in the fulgurite glass of granite via environmental scanning electron microscopy (ESEM). These authors ascribed the formation of the voids and the change in the chemical composition of fulgurite compared to the bulk An orange-brown spray rim was observed via optical microscopy around the crater of dry sample A2 ( Figure 9 ) and it could be ascribed to the thermal decomposition of magnetite according to XRPD patterns on samples A1-A4. Octahedral sites in the magnetite atomic structure contain ferrous and ferric iron species. Different Tf and total fault energy values observed on sample A2 and A4 after multiple strikes (Table 2 ) could be related in part to the magnetite grains, which may increase the local conductivity of the sample owing to its electromagnetic properties. The electrons coordinated with iron species are thermally delocalized and migrate within the magnetite atomic structure [30] .
The chemical interactions between the water and rock material at the pore surface can also be significant in the bubble formation [18, 33] . Optical microscopy of the wet samples (A3, A4) showed the presence of bubbles in fulgurite glass (diameter of bubbles < 1 μm, Figure 10 ). These bubbles can be generated from the vaporization of water and incorporation of air during the fast cooling of melted rock on the wet sample surface. Elmi et al. [18] observed a diffuse porosity in the fulgurite glass of granite via environmental scanning electron microscopy (ESEM). These authors ascribed the formation of the voids and the change in the chemical composition of fulgurite compared to the bulk Figure 10 . Optical microscopy images of bubbles in fulgurite glass of wet sample A3. These bubbles can be generated from the vaporization of water and incorporation of air during the fast cooling of rock melt on the wet sample surface.
An orange-brown spray rim was observed via optical microscopy around the crater of dry sample A2 ( Figure 9 ) and it could be ascribed to the thermal decomposition of magnetite according to XRPD patterns on samples A1-A4. Octahedral sites in the magnetite atomic structure contain ferrous and ferric iron species. Different T f and total fault energy values observed on sample A2 and A4 after multiple strikes (Table 2 ) could be related in part to the magnetite grains, which may increase the local conductivity of the sample owing to its electromagnetic properties. The electrons coordinated with iron species are thermally delocalized and migrate within the magnetite atomic structure [30] .
The chemical interactions between the water and rock material at the pore surface can also be significant in the bubble formation [18, 33] . Optical microscopy of the wet samples (A3, A4) showed the presence of bubbles in fulgurite glass (diameter of bubbles < 1 µm, Figure 10 ). These bubbles can be generated from the vaporization of water and incorporation of air during the fast cooling of melted rock on the wet sample surface. Elmi et al. [18] observed a diffuse porosity in the fulgurite glass of granite via environmental scanning electron microscopy (ESEM). These authors ascribed the formation of the voids and the change in the chemical composition of fulgurite compared to the bulk granitic rock to the vaporization of the wet rock during lightning strike. In samples B1 and B2, glass formation was not observed on the top of the rock because the arc passed directly to laboratory ground without evidence of melting on the surface of the granite. The felsic minerals composing the sample B1 and B2, and in particular, the large quantity of micas (micas = 7.5 wt% from XRPD quantitative analysis, Table 1 ), are known for their excellent electrical insulation properties [34] , and can inhibit the lightning strike at the granite surface. However, fulgurite formation in granite has been previously observed, particularly in weathered samples [18] . Rock can weather via chemical decomposition or by physical disintegration. In the chemical decomposition of granite, quartz generally remains unchanged, biotite is transformed to chlorite and other clay minerals, and feldspars break down to a variety of clay minerals with plagioclase decomposing first [35] . Elmi et al. [18] observed a rock fulgurite on natural chemically weathered granite from Baveno (Italy). These authors ascribed the dark brown-black color of the fulgurite powder to the lightning-induced burning of organic matter (e.g., lichen, leaves, roots, etc.) growing on the surface of the rock before lightning strike. Moreover, Elmi et al. [18] observed intense alteration of the minerals composting the bulk granite. As chemical weathering was not observed in samples B1 or B2, it can be assumed that the intense alteration of granite-forming minerals and the organic matter coating can create a local positive electrostatic charge to which the lightning is attracted.
Conclusions
The randomness in time and space of lightning occurrences makes direct measurement of lightning difficult and consequently makes the studies on lightning processes generating rock fulgurite challenging. This paper reports the first attempt to measure the electrical conditions required to form a rock fulgurite. The data reported in this study provides a means of directly determining energy, voltage, current, and peak instantaneous power as parameters of an event mimicking the effect of the lightning current discharges hitting the surface of the rock and passing to ground.
The textural features and electrical properties of basalt (samples A1-A4) reported in this paper showed that the series of events occurred to produce a rock fulgurite can be summarized as follow: (i) ultrafast mechanical impact of the leader spark with the rock surface. Consequently, a crater appears and an increase of pressure occurs around the hole; (ii) the sudden rise of temperature generated by the lightning channel melting of the rock; and (iii) fast cooling and generation of the glass (fulgurite) in the rock. Further investigations on the microstructure and texture of these samples will be carried out in future experiments in order to investigate the physical properties and thermal effects resulting from electrical arc discharge through a target material.
The methods presented it this paper are accessible to a wide range of researchers studying the interaction of electrical discharges and rocks. In particular, methods for extracting fault onset and extinction times from time-series measurements taken with common electronic laboratory equipment have been described. These calculations enable power and energy estimations, which can be used to better understand how electric discharge properties relate to rock fulgurite properties in a quantifiable manner.
Technical applications related to lightning effects on materials may potentially benefit from the results reported in this paper. Recognizing the paths that lightning can take through a material and the reactions occurring after a lightning impact are essential for mitigating thermal damage from lightning strikes and understanding the nature of the lightning environment near and at the point of a direct strike. Moreover, understanding how target materials interact with electrical arcs can support the development and testing of materials used in hazard protection devices such as lightning arresters and high-voltage fuses.
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